This review focuses on the state-of-the-art of the three major classes of gas contrast agents used in magnetic resonance imaging (MRI)-hyperpolarized (HP) gas, molecular oxygen, and fluorinated gas-and their application to clinical pulmonary research. During the past several years there has been accelerated development of pulmonary MRI. This has been driven in part by concerns regarding ionizing radiation using multidetector computed tomography (CT). However, MRI also offers capabilities for fast multispectral and functional imaging using gas agents that are not technically feasible with CT. Recent improvements in gradient performance and radial acquisition methods using ultrashort echo time (UTE) have contributed to advances in these functional pulmonary MRI techniques. The relative strengths and weaknesses of the main functional imaging methods and gas agents are compared and applications to measures of ventilation, diffusion, and gas exchange are presented. Functional lung MRI methods using these gas agents are improving our understanding of a wide range of chronic lung diseases, including chronic obstructive pulmonary disease, asthma, and cystic fibrosis in both adults and children.
significant research focus has been dedicated to developing methods to enhance contrast in the lungs, particularly in the lung parenchyma. Oxygen-enhanced (OE) and fluorinated gas MRI were introduced in the early 1990s 2, 3 for imaging lung function, principally ventilation-weighted imaging, but were not widely disseminated. Hyperpolarized (HP) gas MRI, particularly 3 He and more recently 129 Xe, gases are comparatively more mature, having been demonstrated to provide a wider array of functional contrasts inclusive of spin density, diffusionweighted imaging, and gas exchange, each with demonstrated applications to different obstructive and restrictive lung diseases in clinical research, 4, 5 and yet despite these established roles for HP gas imaging, clinical dissemination and impact in the clinic has been limited. More recently, the outlook for pulmonary MRI is improving due largely to the increased performance of gradient systems and constrained reconstruction methods [6] [7] [8] [9] that have enabled 3D high spatial resolution (1 mm) MRI of lung structures with improved contrast and coverage. [10] [11] [12] The recently developed preclinical 13, 14 and clinical [15] [16] [17] ultrashort echo time (UTE) methods and short repetition time (TR) methods 18, 19 are largely robust to motion and demonstrate improved lung signal for both structural and functional lung MRI (FLI) applications by mitigating the effects of T 2 * decay. For HP gases, there has been a resolution in the commercial uncertainty on the availability of polarizer systems 5 improving the outlook for wider dissemination of HP 129 Xe technologies.
The structure of this review focuses on technical tradeoffs and principal applications of the most common FLI methods using HP gas, fluorinated gas, and OE MRI. First, a rationale for FLI is discussed in the context of current clinical measures of whole lung function. Second, the physical properties of the gas agents are discussed and how these properties influence imaging strategy and types of imaging contrast. Third, specific tradeoffs in terms of cost, availability, and capability are discussed. The final sections review the major clinical research applications explored thus far using each of HP, fluorinated, and OE methods, respectively.
Lung Function and Imaging
An important potential role for FLI is to provide regional information regarding diseases affecting ventilation and gas exchange. Inexpensive whole-lung spirometry and plethesmography measures, commonly referred to as "pulmonary function tests" or PFTs, are derived from respiratory maneuvers designed to measure fixed lung volumes and dynamic airflow curves. However, PFTs have well-known limitations in that they measure average obstruction over the whole lung and reveal only limited information about regional distribution or spatial heterogeneity of obstructive disease. Most common among spirometry measures are forced expiratory volume at 1 second (FEV 1 ) and FEV 1 normalized to forced vital capacity (FEV 1 /FVC). 20 Both FEV 1 and FEV 1 /FVC are reduced in obstructive disease because the large and small airways in the lungs have increased resistance to air flow, limiting both the total volume of air exhaled and the rate of exhaled air flow. 20 Plethesmography, using Boyle's Law and a "body box", 20 is used to measure absolute lung volumes include the total lung capacity (TLC), functional residual capacity (FRC), and residual volume (RV) that are typically increased in obstructive disease due to hyperventilation and air trapping, respectively. 21 However, PFTs are standardized with commonly agreed-upon reference values for different populations, gender, and body size. 22, 23 This standardization to normative values is an important strength that makes it possible to make general comparisons of disease severity across different populations-this and the low cost of conventional PFTs make them attractive as a means to screen for and monitor disease progression. Several more refined measures of whole lung function are important but less commonly used. These include the carbon monoxide diffusing capacity (DLCO) method that exploits the high chemical affinity of carbon monoxide (CO) for blood hemoglobin. Specifically, DLCO measures the difference between trace amounts of a known inhaled and exhaled concentration of CO. DLCO is affected by reduced alveolar surface area to volume ratio (eg, emphysema) or by diffusion-block (eg, fibrotic lung disease) 24 and therefore can be a useful measure for quantifying lung function and severity of chronic lung diseases such as chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF). Lung clearance index (LCI) is another whole-lung measure that is an emerging standard for improving quantitative assessment of ventilation heterogeneity in obstructive lung diseases such as asthma and the pulmonary complications of cystic fibrosis (CF). 25 The method uses the multiple breath nitrogen washout method 20 and is considered sensitive to ventilation heterogeneity because the delay in oxygen wash-in reaching nonventilated units of the lungs prolongs the nitrogen washout time (normally 7 minutes). However, the insensitivity of these conventional PFTs to early disease has driven pulmonary clinicians and radiologists to seek measures that are more sensitive to regional and early disease processes. The role for FLI using MRI has therefore continued to grow, especially in clinical research of regional disease processes in asthma, CF, and COPD with an eye towards improving treatments. According to the World Health Organization, over 65 million people have moderate to severe COPD worldwide. More than 3 million people died of COPD in 2005, which corresponds to 5% of all deaths globally (http://www.who.int/respiratory/copd/burden/en/). Over 235 million people suffer from asthma, and asthma is the most common chronic disease among children (http:// www.who.int/respiratory/asthma/en/). CF, while a comparatively rare obstructive lung disease, is also an important pediatric lung disease. There is a prominent role for MRI to reduce ionizing radiation during surveillance and to guide more precise drug therapy in CF especially (http://www.cff. org/research/DrugDevelopmentPipeline). In all three major obstructive lung diseases, there is a growing clinical need to improve the precision of therapies tailored to specific airways, 26, 27 lung regions, 28 and/or phenotypes of lung disease.
Multiple methods of FLI using MRI exist, with tradeoffs and imaging strategies that are dependent on the properties of the gas used. The most mature of these are the HP gases, 3 He and 129 Xe, but the new implementations of OE and fluorinated gas methods are reemerging as competitive alternatives thanks to technical advances in scanner hardware and software that enable dynamic imaging of gas wash-in and washout. These advances have further improved the traditional advantages of MRI over nuclear medicine such as higher 3D spatial and temporal resolution and nonionizing radiation. 29 Improved 3D temporal-spatial resolution of pulmonary UTE MRI is now approaching that of computed tomography (CT), 15 while the myriad of tools for assessing lung function exceed those available with CT. 30 These factors coupled with concerns over x-ray radiation dose for longitudinal studies using CT have made MRI especially attractive for pediatric and young adult populations.
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Gas Properties and Imaging Strategies
The physical properties of the gases, their natural abundance, and method of manufacture require different imaging strategies and cost models. The SNR and spatial resolution are governed largely by physical parameters such as the degree of polarization, gyromagnetic ratio, free diffusion coefficient, T 1 , and T 2 (Tables 1, 2 ). For HP 3 He and 129 Xe, the nonrecoverable longitudinal polarization of the gas nuclei is 100,000 times greater than thermal equilibrium. This HP state is achieved typically using the spin exchange optical pumping (SEOP) method. [34] [35] [36] The effective T 1 time for imaging in the lungs is 30 seconds ( (Table   2 ). Both magnetic resonance decay parameters depend on the concentration of the gas itself and are generally on the order of a few milliseconds for the 19 F nucleus. The most commonly used fluorinated gases are sulfur hexafluoride (SF 6 ) and hexafluoroethane (C 2 F 6 ), but tetrafluoromethane (CF 4 ) and octafluoropropane (C 3 F 8 ) are also under investigation. T 1 and T 2 values at or near the 1.5T field strength are less than 6 msec for C 2 F 6 , and as low as 2 msec for SF 6 . C 3 F 8 is of particular interest because it possesses two additional fluorine atoms, providing greater spin density 39 and similarly short T 1 and T 2 . Both HP and fluorinated gases are imaged directly and their T 1 properties lend themselves to fast imaging with low flip angle gradient-recalled-echo (GRE), also known as fastlow-angle-shot (FLASH), pulse sequences for 2D multislice 40, 41 or 3D volumetric 42, 43 imaging with Cartesian or radial acquisition trajectories. 44 For HP gases, the nonrecoverable longitudinal polarization can be excited frequently with low flip angle acquisitions, with the consequence that signal decay due to the radiofrequency (RF) consumption of the magnetization is known to contribute to signal modulation and filtering of both slice profile and within-slice blurring. 41 RF signal modulation due to a constant flip angle can be offset by precise flip angle modulation 45, 46 but is infrequently used in favor of simply using low flip angles (2-78) and centric view ordering. 47, 48 For fluorinated gases, T 1 is short enough
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(1-20 msec, Table 1 ) that fast GRE or FLASH sequences are also signal-to-noise and time efficient. [49] [50] [51] [52] For dynamic imaging applications using both HP and fluorinated gases, fast low flip angle GRE sequences with non-Cartesian readout trajectories that frequently sample the central region of kspace are used. Time-resolved 2D radial, 44 spiral, 53 or 3D radial spoiled GRE sequences with isotropic resolution 49, 54 and constrained reconstruction [54] [55] [56] have been used.
The comparatively longer T 2 of HP gases vs. the short T 1 and T 2 of fluorinated gases make them favorable for SNRefficient balanced steady-state free precession (SSFP) imaging, although optimizing flip angle and T 2 raise additional challenges. 46 Recent advances combining SSFP imaging with cheaper natural abundance (26%) HP 129 Xe gas has recently shown promise for ventilation-weighted imaging. 57 Parallel imaging with HP gases has also been explored [58] [59] [60] [61] but widespread implementation has been slowed by hardware costs for multichannel RF-coils and compatibility with multinuclear clinical MRI systems. This is a ripe area for future advances in FLI using both HP and fluorinated gases. Diffusion-weighted imaging (DWI) has been one of the most promising FLI tools to investigate lung microstructure in normal and diseased lungs. The physical diffusion coefficients differ markedly for HP 3 He, 129 Xe, and for fluorinated gases (Table 1) , which strongly impacts utility. The greater free diffusion coefficients and polarization of HP 3 He and 129 Xe gases enable rapid measurement of multiple b-values using existing clinical gradient systems 62,63 using fast GRE pulse sequences with bipolar diffusion weighting gradients. The separation, D, between these short bipolar gradient pulses determines the diffusion weighting as well as the dependence of the diffusion measures on the scale of restricted diffusion displacement. For helium the average displacement of helium atoms using D 5 1-2 msec is the same order of magnitude as alveolar diameters (a few hundred micrometers). This so-called "short range ADC" measure is the one most widely used in patient studies. 64 Additional b-value weightings can be acquired using HP 3 He to enable more precise modeling of restricted diffusion either using q-space 55, 65 [67] [68] [69] is possible, but their lower free diffusivity and short T 2 * make high gradient performance to increase b-value, reduce TE, and preserve sufficient SNR particularly important making multi-b-value DWI challenging. Advances in radial free induction decay (FID) acquisitions may help meet these challenges and are typically used in DWI of fluorinated gases, as the short TE and TR help to exploit the short T 1 recovery times while mitigating T 2 * decay.
Another important physical distinction is gas solubility in tissues and blood. Both HP 129 Xe and molecular O 2 are relatively soluble in blood and tissues compared to HP 3 He and fluorinated gases (Table 1) . Therefore, 129 Xe and O 2 diffuse from the gas phase into the tissues and blood where they reflect useful properties of the local spin environment. Image contrast for both of these gases represents a combination of ventilation, tissue density, blood volume, and perfusion. In the specific case of HP 129 Xe, the 200 ppm chemical shift associated with the dissolved phase ( Fig. 1 ) can be imaged directly 10, 70, 71 or indirectly 72, 73 to enable quantitative modeling of gas exchange. Unlike HP 129 Xe, the OE effect is based on the concentration-dependent paramagnetic effect of dissolved molecular oxygen on the rate of T 1 recovery of protons. 2, 74 Note that this is not the diamagnetic effect of hemoglobinbound oxygen that results in the T 2 *-effect commonly associated with blood oxygenation level-dependent (BOLD) MRI. 75, 76 FLASH or GRE sequences can be used to perform rapid T 1 mapping at multiple O 2 concentrations to derive the oxygen transfer function (OTF) measure.
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More typically, OE-MRI methods have favored inversionrecovery (IR) pulse sequences in combination with singleshot fast spin-echo (SSFSE), to exploit the 30 msec T 2 of protons in the lungs (Table 2) compared to the much lower T 2 *. For IR-SSFSE in this application, the TI is typically set to the null point of the lungs in the air-breathing image 2, 80, 81 or to maximize the contrast between the T 1 recovery curves. [82] [83] [84] [85] [86] Centric view ordering reduces the effects of T 2 decay and provides better contrast in the OE image. Using this approach, the image of a single 2D slice can be acquired in a fraction of a second, but the low contrast of OE MRI requires signal averaging on the order of 101 minutes for a complete OE scan. Prospective respiratory gating to end-expiration and retrospective deformable image registration combined with interleaved 2D slices, parallel imaging, and half-Fourier reconstruction have enabled multislice 2D OE-MRI using IR-SSFSE in 8-13-minute total scan times. 85 The emergence of UTE MRI with clinical hardware systems has advanced both structural and functional imaging of the lungs with varied impact thus far on FLI using all three gas agents. For OE-MRI, T 1 weighting can now be achieved without IR using 3D radial UTE. 11, 14, 15 Radial acquisitions in FLI more generally are inherently robust against cardiac motion artifact due to the large number of signal averages at the center of k-space per unit time. UTE combined with radial trajectories has recently contributed to important advances in fluorinated gas MRI by improving image quality, coverage, and reducing scan time, 3, 87, 88 and to HP gas MRI for spectroscopic imaging of the dissolved phases of HP 129 Xe in the tissue and blood compartments.
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Tradeoffs in Cost and Access
A well-known disadvantage of HP 129 Xe and 3 He is their dependence on polarizer and multinuclear technology that is not widely available. 4 The global quantities of 3 He are also very limited, leading to high cost 89 (Table 3) . This fact has necessitated migration to the more widely available 129 Xe nucleus. 90 The technical challenges of this migration have been made easier by advances in 129 Xe SEOP polarization. 91, 92 Most typically, HP 129 Xe MRI uses enriched 129 Xe isotope from the natural abundance of 26% to 85% to compensate for lower gyromagnetic ratio and achievable polarization compared to 3 He gas. All the major types of contrast-weighting demonstrated for 3 He MRI have now been replicated robustly with enriched HP 129 Xe.
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High SNR, the availability of different functional contrasts, and ease of use in terms of gas delivery and image acquisition are important advantages of HP gas MRI ( Table  3 ). The HP gases are most commonly delivered as an anoxic gas mixture to the subject followed by a 6-15-second breath-hold, although it is possible to mix with O 2 at the mouth to make a normoxic dose. 94 The repeatability and utility of quantitative measures of ventilation defect percentage (VDP) is high ( Fig. 2 ), but depend on normalization of the ventilation-weighted images by the total lung volume (TLV) typically acquired from a proton image of the lungs during a second breath-hold. Misregistration can occur between breath-holds, adding systematic error to the ventilation defect measurement. Recently, acquiring both HP gas and proton images of the TLV in spatial registration within the same breath-hold was demonstrated. 95 Extensive experience with HP 3 He MRI and now 129 Xe has shown that repeated inhalation of these gases is safe. 93, [96] [97] [98] The anesthetic effects of xenon are not a concern in adult subjects 98 but remain to be studied in pediatric lung disease. Since 3 He gas has been safely used in a wide range of pediatric studies, [99] [100] [101] it will likely remain an important gas during the translation of 129 Xe to pediatric lung disease. 100 129 Xe MR spectrum from the human lung with peaks corresponding to the gas, plasma-tissue, and red blood cell (RBC) compartments. Note that the spectral peak for the 129 Xe gas in the airspaces is attenuated by a factor of 100 by using a lower flip angle relative to the dissolved phases. researchers have implemented this approach prior to signal averaging-in effect implementing a combination of both prospective and retrospective respiratory gating. 2, 82, 106, 109, 114, 115 More recently, diffeomorphic registration 116, 117 has been applied to 3D isotropic OE MRI. Xe MRI than with 3 He MRI in the same individual. 146 This bias is likely attributable to the difference in gas densities (Table 1) , although this remains a matter for speculation and further research. Xe gas is restricted by tissue boundaries, the diffusivity is referred to as the apparent diffusion coefficient (ADC). A semiquantitative ADC map (Fig. 4) 3 He ADC.
Despite the differences in the magnitude of the measured ADC using 3 He and 129 Xe, the 129 Xe ADC in human subjects is strongly associated with increased COPD severity and correlates well with 3 He ADC reported in previous studies. 93, 147, 151 An important limitation of ADC is that it represents a relative measure of structural dimension that is proportional to the average alveolar and acinar dimensions. Its absolute value depends on specific scan parameters, such as the time delay and degree of diffusion weighting. A more quantitative measure of acinar dimensions would be very useful in answering several important physiologic questions regarding lung development, 65 ,99 alveolarization, 155 and alveolar recruitment. 156 Lung models of restricted diffusion that allow calculation of measurable histological features such as alveolar mean length and surface area to volume are in development 55, 65, [157] [158] [159] and have been reviewed previously. 66 167 The measurement is performed within a single breath-hold. 47, 168 Modified centric and reverse-centric view orders mitigate effects due to locally variable flip angle (B 1 -field variation). 168 Gas flow effects within the lungs during a breath-hold using 3 He have recently been described, underscoring that pO 2 is a mixture of regional pO 2 and local collateral ventilation effects. 169 Regional pO 2 measures can potentially be used to calculate the ratio of ventilation to perfusion (V/Q). 167 In fact, pO 2 measurements have recently been used as a marker of disease severity in a study of V/Q heterogeneity in smokers.
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129 XE MRI OF GAS EXCHANGE. The soluble "dissolved phase" fraction of 129 Xe in blood and tissues is 2% of the FIGURE 3: Timing and general protocol for oxygen-enhanced MRI as performed in Kruger et al. 11 Typically, images are acquired at different concentrations of inhaled oxygen (usually 21% and 100%), with a 1-2 minute washout period to avoid transient effects. Similar approaches are used for other OE-MRI acquisition techniques.
total signal after accounting for the lower density of lung tissue and blood in the lungs. The dissolved phase of 129 Xe has a different chemical shift frequency than the gas phase. This fact can be exploited to quantify gas exchange. Polarized gas nuclei diffuse rapidly between gas, blood cells, and plasma/tissue compartments, with different chemical shifts in each compartment: 0 ppm, 222 ppm, and 198 ppm, respectively (Fig.  1) . 172 Compartmental modeling of these components has advanced relatively rapidly. 173 
Kruger et al.: Functional Imaging of Lungs With Gas Agents
February 2016in 122 subjects found that ADC was more predictive of COPD severity and more highly correlated with DLCO than quantitative CT. 131 In a separate 2-year longitudinal study of subjects with mild to moderate COPD, both ADC and VDP increased in the absence of significant change in FEV 1 , suggesting progression detected by imaging but not conventional methods. 181 In mild to moderate COPD, the VDP in particular is associated with severe outcomes such as hospitalizations for exacerbations-an association that is not observed using conventional measures, including CT. 145 This work suggests the potential use of HP gas MRI to identify patients most likely to have severe outcomes at an earlier stage of disease progression. This, in turn, could allow more aggressive treatment to be targeted at these higher-risk individuals-an example of HP gas MRI providing the means to personalized medicine. 187 In asthma, regional ventilation heterogeneity revealed by HP 3 He MRI has changed the way in which clinicians and researchers view this disease. Relatively large crosssectional and longitudinal studies 141, 143, 188 have revealed that up to half of ventilation defects persist in the same locations over time intervals of several days to a year. 188 The persistence of ventilation defects in these studies was independent of asthma severity and medication use, suggesting that persistent defects were refractory to therapy. Because defects are observed even in asymptomatic patients and involve both the central and peripheral airways, conventional assumptions that asthma is a predominantly small airways disease have been challenged. [189] [190] [191] VDP and ADCrelated measures are also associated with both differences in lung microstructure in asthma compared with controls 192 and also with asthma risk factors in adults 193, 194 and children. 101, 190 Other important emerging applications using HP gas MRI include image-guided therapy, characterization of gas exchange, and combined structure-function MRI. Imageguided interventions using HP 3 He MRI show promise for evaluating the effects of stent placement in COPD, 28, 195, 196 smooth muscle ablation treatments in asthma, 27, 197 and radiation treatment planning in lung cancer. [198] [199] [200] [201] [202] [203] There will be a growing role for HP gas MRI in assessing the response to therapy and progression of disease in CF. 100, 142, 182, 183 Moreover, gas exchange imaging with 129 Xe MRI shows promise for detection of gas diffusion block in idiopathic pulmonary fibrosis (IPF), a disease that is presently untreatable and for which conventional diagnostic imaging methods such as CT are insensitive. 175 However, with promising drug trials currently in progress early detection and prognosis may be sensitively detected with HP 129 Xe MRI. ple experiment in a rat model using a 3D radial acquisition with C 2 F 6 . Image acquisition times were in excess of 4 hours to achieve an SNR of 8, but the 3D images were of good quality. In a reproducibility and validation pig study, Scholz et al 50 compared ventilation imaging with SF 6 with respiratory gas analysis by measuring the fluorine content of exhaled gas simultaneously. The reproducibility of both techniques was strong, with a standard error across 24 breaths of 8% for imaging and 5% for respiratory gas analysis. In addition, the expected correlation between the two techniques was very high (R 5 0.99).
Fluorinated Gases
In the late 1990s and early 2000s, several groups 39, 205, 206 demonstrated that the paramagnetic effect of oxygen on the T 1 relaxation time of fluorinated gas made it possible to extrapolate the regional pO 2 using
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F MRI. This work demonstrated the potential of regional assessment of lung physiology; a gravitational dependence of pO 2 opposite to that expected was observed, 39, 207 with the ventral regions of the supine anesthetized pig exhibiting higher pO 2 compared to the dorsal regions. In 2013 Carrero-Gonzalez et al 67 compared ADC values between 5 healthy normal rats and 6 rats that had undergone elastase treatment in one lung as a model of emphysema. ADC values in the control rats did not differ between right and left lungs. However, in the treated rats, ADC values were significantly higher in the elastase-treated lung compared to the normal lung. The ADC of the untreated lung did not differ from the control rats. In addition, elastase-treated lungs were more heterogeneous than normal lungs. More recently, advanced MR acquisition schemes have enabled full 3D ventilation imaging in healthy human subjects. By implementing a 3D radial UTE FID sequence, Couch et al 87 were able to perform full 3D volumetric ventilation imaging in a 15-second breath-hold of C 3 F 8 . Image quality was quite good (Fig. 5) , and a relatively homogeneous distribution of ventilation was observed. Importantly, SNR increased by nearly a factor of 2 when 19 F gas was allowed to wash into the lungs prior to imaging by breathing a mixture of O 2 and C 3 F 8 . This observation opened up the possibility of using the technique to assess fractional ventilation (defined as the ratio of fresh gas entering a volume "region" of the lung to the total end-inspiratory volume of the region 208 ) by imaging dynamically.
The short T 1 recovery time of fluorinated gases combined with the use of equilibrium phase polarization allows repeated acquisitions over short temporal windows. Therefore, fluorinated gases are well suited for dynamic imaging of ventilation. The first feasibility study of dynamic fluorinated gas MRI was done in a pig model by Schreiber et al. 51 They measured SF 6 washout time constants and demonstrated an inverse correlation between washout time and tidal volume. In a follow-up study, Wolf et al 52 demonstrated the feasibility of dynamic C 2 F 6 MRI, also in a pig model. Although a direct comparison to SF 6 was beyond the scope of the work, high-quality dynamic images were demonstrated with a 2-second temporal resolution. In a rat study comparing SF 6 and C 3 F 8 for the purpose of mapping regional fractional ventilation, Ouriadov et al 209 showed that while SF 6 baseline images had superior SNR, both gases yielded similar values for fractional ventilation. Moreover, a gravitational dependence of fractional ventilation was observed, in good agreement with previous results using nuclear imaging, HP gas MRI, and oxygen-enhanced (OE) MRI. . In another study 68 the same group measured the impact of the relative concentration, or partial pressure, of SF 6 mixed with respiratory gases and demonstrated variations in the free diffusivity of the gas mixture. The expected anisotropy of diffusion was in agreement with previous studies. 154, 212 Interestingly, ADC measured at FRC was not significantly different from the ADC measured at TLC. This result differed from previous 3 He results that showed that ADC increased with lung inflation volume. 213 Carrero-Gonzalez et al 67 suggest that C 2 F 6 is superior to SF 6 for DWI because the longer relaxation times of C 2 F 6 (Table 2 ) allow the estimation of ADC using lower b-values and thus shorter TE and higher SNR. In addition, limitations on the measurable diffusion time imposed by the finite diffusion gradients and the shorter T 2 of SF 6 approach the unrestricted diffusion regime in the lungs, and may not fully probe the lung microstructure. Despite these challenges, Chang and Conradi 38 and Couch et al 214 have recently published findings that suggest that DWI with 19 F may be feasible in healthy human subjects.
V/Q MAPPING. Since fluorinated gases do not cross the alveolar wall to enter the blood, they cannot be used directly to measure gas exchange. For spin density imaging an approximately normoxic mixture of 80% fluorinated gas/ 20% O 2 is typically used to maximize the number of fluorine spins per unit volume, albeit with an overall higher density than air. However, in preclinical studies Kuethe et al 88 presented an indirect method of estimating gas exchange with fluorinated gases. Regional pO 2 variations indirectly affect partial pressure of SF 6 because O 2 is taken up differentially in lung tissues and blood due to regional variations in ventilation (V) and perfusion (Q). Thus, steady-state images of fluorinated gas will show higher spin density in regions of high perfusion where oxygen is being rapidly removed and lower spin density in regions of reduced perfusion where higher pO 2 exists. Kuethe et al recognized that this effect is enhanced while breathing a hyperoxic gas mixture of fluorinated gas, eg, 30% SF 6 /70% O 2 , compared to a normoxic mixture, eg, 80% SF 6 /20% O 2 . Since the normoxic mixture is comparatively insensitive to V/Q, it can be used to normalize the hyperoxic image to remove physical variations related to the image acquisition, like B 1 -field and coil sensitivity differences. Therefore, a ratio of the hyperoxic image to the normoxic image is proportional to regional V/Q (Fig.  6 ). This approach was refined by Adolphi and Kuethe 215 to obtain the V/Q estimate using the positive linear relationship between SF 6 partial pressure and local T 1 with a LookLocker sequence. F gas, while diseased subjects showed heterogeneity patterns that varied based on disease. As expected from previous studies with HP gas MRI, COPD subjects demonstrated ventilation defects that worsened with increasing disease severity. Asthmatic subjects did not present with ventilation defects, but the distribution of 19 F signal was significantly more heterogeneous than in healthy normal subjects. In a bronchiolitis obliterans subject with sibling donor transplant, it was possible to clearly differentiate the wellventilated and homogeneous distribution of the healthy transplanted lung from the diseased lung, which demonstrated marked heterogeneity and 19 F ventilation defects (Fig. 7) .
Ultimately, the promise of fluorinated gases are related to their relatively low cost, the avoidance of complex hyperpolarization hardware, the ability to image during steadystate breathing, a resonance frequency very close to proton resonance frequency, and a relatively high SNR (albeit lower than with HP gases). The very short T 1 of 19 F compounds allows dynamic imaging that can be used to provide more quantitative ventilation measures including estimates of V/ Q. The confirmation of heterogeneity and ventilation defects in disease, DWI anisotropy, and gravitational dependences previously seen with HP gas MRI makes 19 F MRI a promising approach, with potential for clinical translation. The image quality of 19 F approaches is lower than HP gas MRI, although it continues to improve and may eventually prove an attractive alternative to HP gas MRI.
Oxygen Enhanced
STEADY-STATE IMAGING. The first breath-held OE-MRI images were described by Edelman et al, 2 acquired
with an IR-SSFSE sequence. Oxygen-enhanced signal is observable in the regions corresponding to healthy lung (Fig. 8) OE-MRI using a 3D radial UTE sequence in healthy human subjects (Fig. 9) .
DYNAMIC IMAGING. The first publication that reported wash-in and washout decay constants by using dynamic OE MRI was by Hatabu and colleagues. 81 Subjects were scanned using an IR-SSFSE sequence. Acquisition was respiratory gated to end-expiration and an image was acquired every 3 seconds as the study that mean PSE in 10 cancer subjects was lower than that in seven healthy normal subjects, while the combination of cancer and emphysema in eight subjects resulted in an even lower PSE. In an effort to segment localized ventilation defects, Nakagawa et al 221 in 2001 compared OE MRI and contrast-enhanced perfusion MRI in nine cancer and six pulmonary embolism (PE) subjects. The typical ventilation-perfusion mismatch expected in PE was observed. No ventilation defects were found in either case, 107 and IPF. 83 In a small study of mild/moderate and severe asthma, reduced oxygen wash-in time constant and mean peak enhancement were associated with greater severity. 32 In addition, in studies of lung volume reduction surgery candidates 226 and asthma patients, 227, 228 OE MRI showed equal or superior performance in detecting treatment effect and disease severity compared with PFT, CT, and/or nuclear medicine study. More recently the OTF was shown to decrease in asthmatics after allergen challenge and correlated with the percentage of eosinophils in bronchoalveolar lavage at the site of challenge. 229 The ready availability of oxygen and the freedom from dedicated multinuclear imaging hardware make OE MRI a promising research tool with high potential for clinical translation. The technique has shown strong correlations with other reference standards for pulmonary function such as PFT, CT, DLCO, scintigraphy, and HP 3 He MRI. Before OE MRI will be able to move into routine clinical use, however, further work with respect to quantitative analysis and reproducibility of the various OE MRI metrics is needed.
Discussion
As shown in Table 3 , the current and emerging pulmonary functional MRI methods each have significant strengths and challenges. Of the functional imaging techniques reviewed here, HP gases are more mature in their development, and therefore are better positioned for short-term clinical success. However, limited cost and access to HP gases has led directly to the recent efforts to advance fluorinated and oxygenenhanced MRI, which could change the cost-benefit tradeoffs currently slowing dissemination of FLI methods to the clinic.
Pulmonary MRI approaches have important advantages over established clinical methods such as pulmonary function testing and scintigraphy that could change the current cost-benefit calculus. Pulmonary function testing cannot easily characterize different phenotypes of disease. Furthermore, pulmonary function testing is a global assessment of the lungs and is generally insensitive to clinically important changes in disease severity that might impact patient management, especially as more therapy options become available and more mild disease is targeted. The spatial resolution of scintigraphy is generally poorer than that achievable with MRI and scintigraphy requires ionizing radiation. The use of x-ray-based methods, including CT, diminish the numbers and types of imaging sessions that are practical for longitudinal assessment of lung disease due to the potentially harmful effects of accumulated ionizing radiation exposure in patients with chronic lung disease. The continued development of ultra-low dose CT 230 may impact this assessment, but it should also be noted that newer FLI methods using x-ray CT-for example, perfusion 231 and dual energy xenon CT 232 -require more radiation than standard chest CT. Furthermore, recent advances in gradient performance and image reconstruction have significantly improved image quality for structural MRI of the lungs. This has led to advances in combined structure-function assessment of disease severity and therapy response in CF only possible with pulmonary MRI. 233 There remain significant challenges to translating FLI methods to the clinic. Unlike many organ systems where early or sensitive diagnosis has led to earlier and efficacious treatments, this virtuous cycle is only now emerging for many respiratory diseases. Nonetheless, respiratory diseases still have significant unmet needs in terms of pharmaceutical development, minimally invasive interventions, longitudinal follow-up, and prognosis. Disorders such as asthma and COPD are widespread and will continue to be a leading cause of death and disease as the world becomes more industrialized and polluted. The gas agents reviewed here underscore the unique ability of pulmonary MRI to measure the functional consequences of obstructive lung diseases. Moreover, continued dissemination and advances in UTE MRI further support an emerging clinical role for combined structure-function imaging. Complementary approaches that use the gas and technique best suited to the available hardware capabilities of a given site may become feasible as the field and clinical research community matures. 3 He images is greater than in the OE MRI images by a factor of 3.2. However, the resolution in the OE MRI images in this study was isotropic in all three dimensions, while the HP 3 He images were anisotropic with 1 cm thick axial slices.
